[enlarge] Morphological symmetry and asymmetry of skulls of domestic pig (n=29) were studied using geometric morphometric (GM) methods on the ventral aspect. Fluctuating asymmetry (FA) was used as an indicator of environmental stress, and directional asymmetry as a biomechanical constraint. The two-dimensional coordinates of 27 landmarks were digitized and analysed using GM. Multivariate analyses showed the presence of subtle but significant FA in the entire sample, and distinctive differences were detected between age groups. These results are indicative that environmental stress is present, but no symmetry alterations were noted. On the whole, morphometric studies should open up promising areas of research in this nearly unexplored field, to study environmental stress morphometrically in domestic ungulates.
Introduction
Bilateral symmetry, a key feature of vertebrate body plans, is rarely perfect, and mild asymmetries can be found in normal growth and development as a typical adaptation of the organisms to their environments. Deviations from expected perfect symmetry can occur, and organisms can develop several kinds of asymmetries, including fluctuating asymmetry (FA) and directional asymmetry (DA). The former represents small random differences between corresponding parts on the left and right side of an individual, and because of its characteristics, it is usually considered to be a measure of developmental noise (Graham et al., 1993; Palmer 1994 Palmer , 2004 . DA occurs whenever one side on the plane of symmetry develops more than the other side, and has a proportion of genetic component (Van Valen, 1962; Palmer and Strobeck, 1986 ).
In the present study we analysed left-right ventral asymmetries in domestic pig skulls with geometric morphometric techniques, with the aim of quantifying asymmetries and to assess and describe differences based on age.
Materials and methods

Specimen collection
Twenty-nine skulls were obtained from a vulture feeding point located in Catalunya (NE Spain). The origin of these skulls represents dead farm animals of unknown sex, but different ages. Domestic pigs came from intensive local farms and were all raised for meat purposes. No inbreeding was supposed as animals were managed for productive purposes. Individuals corresponded to different age groups, according to molar teeth eruption: only M1 fully erupted (n=3), M2 fully erupted (n=10), and M3 fully erupted (complete molar series, n=16). Some cases of clear cheek tooth diseases (e.g. peg-shaped, dental agenesis, asymmetrical wear, chronic abscesses, etc.) were detected as well as osseous abnormalities (e.g. enthesopathies, osteomyielitis, periodontitis, etc.), which caused gross bony deformations intra vitam. These individuals were not excluded from the analyses. Directional and fluctuating asymmetries in domestic pig skulls http://www.labome.org/research/Directional-and-fluctuating-asymmetri...
[enlarge] Figure 2 . Scatter plot of CVA showing differences between age groups, for symmetric component of variation.
[enlarge] skull. A scale was included in the images to standardize each specimen size (in mm). Skulls were digitized using tpsDig version 2.04 (Rohlf, 2006) . In total, 27 two-dimensional (2D) landmarks (LMs, homologous anatomical points)
were used on the ventral aspect of cranium (Figure 1 ). Twenty-three were bilateral, and four (1, 2, 3 and 27) were midline landmarks. All of these LMs are thought to encompass elements of the whole skull (both viscerocranium as esplachnocranium Mahalanobis distances were used too to assess differences between replicas.
In order to compare Procrustes to tangent space distances between individuals, a Generalized Procrustes Analysis superimposition (equivalent to generalized least squares) procedure of Rohlf and Slice (1990) was performed on each data set using TPS-Small 1.20 (Rohlf, 2003) . The approximation of shape space by tangent space presented a high correlation (1.000). This high degree of approximation of shapes in the sample (i.e. shape space) by the reference shape (i.e. tangent space) allowed accurate capture of the nature and extent of shape deformations in subsequent statistical analyses.
Size study and shape asymmetry Directional and fluctuating asymmetries in domestic pig skulls http://www.labome.org/research/Directional-and-fluctuating-asymmetri... We then assessed shape variation in the whole dataset by performing a principal component analysis (PCA), taking into account both symmetric and asymmetric components of variation; the symmetric component is the average of the left and right sides and represents the shape variation component, whereas the asymmetry component represents the individual left-right differences. Differences between the three sampled populations were assessed with a canonical variate analysis (CVA), a multivariate statistical test that allows finding shape characteristics that best distinguish among several groups of individuals. Results are reported as the Mahalanobis distance, a multivariate measure of distance relative to the within sample variation. All analyses were computed with 10,000 permutation runs.
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Additionally, centroid size (Bookstein, 1991) was used as a basic characteristic describing size differences between age groups. Centroid size is a unit-less measure and can only be used for comparison of samples described by the same set of landmarks.
All analyses were performed using MorphoJ v. 1.05 by Klingenberg (2011) , which can handle data by using full multivariate analysis (MANOVA), and PAST-"Paleontological Statistics Software Package for Education and Data
Analysis" (Hammer et al., 2001 ).
Results
The results of the measurement error assessment are presented in We then used PCA to assess and describe this pattern of individual variation and asymmetry. PCA for the symmetric component of variation showed that the first three PCs explained 65.8% of the total shape variation, with all of the other PC, which account for no more than 8% of variation (see Table 2 for details); all LMs contributed quite equally to the whole shape variation. The reverse PCA for the asymmetric component of shape variation (FA) showed that the first three PCs contributed 71.7% to the total variation (refer to Table 2 for details). Age groups appeared differentiated for both symmetric and asymmetric components (Figures 2 and 3) . Directional and fluctuating asymmetries in domestic pig skulls http://www.labome.org/research/Directional-and-fluctuating-asymmetri... 
Discussion
Since a large proportion of individuals in a population will have asymmetries close to zero for any given trait due to chance alone, it may be necessary to study deviations from symmetry in multiple traits to obtain reliable measures of developmental competence for individuals. The use of FA and DA is not prevented for comparison, because shape variability relative to proportions of asymmetry is preserved. The effect of different sizes does not play as important a role as in traditional morphometry, because asymmetry is considered to be a property of normalized objects with respect to a sample. The method used allowed the decomposition of the total shape variation into components of symmetric variation (i.e. differences among individuals) from components of asymmetry (multiple components might occur according to the symmetry of the object). Using this approach, purely symmetric variation spanned only about 65.8% of the total variation, which is similar to the variation described by individual patterns of asymmetry, which did account for 71.7% of the total morphological variation in all three age groups for the first three PCs. But the differences expressing the deviation from symmetry obviously will depend on the selection of a landmark set, because Procrustes analysis distributes the error equally among the landmarks. Pathological skulls did not appear separated.
Since both sides of any bilateral trait are produced by the same genome, the degree of symmetry reveals the individual's ability to canalize development in the face of stress. While individual random asymmetry often is proximately caused by environmental stress, the ability to execute developmental programs correctly and uniformly in the face of such stress has a genetic basis. We believe that, in our samples, ventral pig craniofacial FA could just reflect responses to stress factors, which are different for each of the considered age groups. On the whole DA displayed no clear shape variation patterns.
To conclude, from our study emerged the presence of FA but not DA in domestic pig skull, but its value, although statistically significant, appeared as subtle. These results on the whole indicate the presence of some asymmetries in the structure, which are apparently insufficient to infer developmental stability; instead, they appear to act to counteract stressors and maximize fitness.
These morphometric studies should open up promising areas of research in this nearly unexplored field of morphometry and stress in domestic ungulates.
Declarations
